Direction repulsion describes the phenomenon in which observers typically overestimate the direction difference between two superimposed motions moving in different directions (Marshak & Sekuler, Science 205 (1979) 1399. Previous research has found that, when a relatively narrow range of distractor speeds is considered, direction repulsion of a target motion increases monotonically with increasing speed of the distractor motion. We sought to obtain a more complete measurement of this speed-tuning function by considering a wider range of distractor speeds than has previously been used. Our results show that, contrary to previous reports, direction repulsion as a function of distractor speed describes an inverted U-function. For a target of 2.5 deg/s, we demonstrate that the attenuation of repulsion magnitude with high-speed disractors can be largely explained in terms of the reduced apparent contrast of the distractor. However, when we reduce target motion speed, this no longer holds. When considered from the perspective of Edwards et al.Õs (Edwards, Badcock, & Smith, Vision Research 38 (1998) 1573) two global-motion channels, our results suggest that direction repulsion is speed dependent when the distractor and target motions are processed by different globalmotion channels, but is not speed dependent when both motions are processed by the same, high-speed channel. The implications of these results for models of direction repulsion are discussed.
Introduction
Direction repulsion is a well-known phenomenon that describes how, when presented with two superimposed motions differing in their directions, observers typically overestimate the direction difference between the two motions. Earlier investigations found the magnitude of the effect peaks for stimuli with a direction difference of between 20 and 40 deg, rapidly declining with larger direction differences to the point where it is all but extinct for a direction difference of 90 deg (Hiris & Blake, 1996; Marshak & Sekuler, 1979; Mather & Moulden, 1980) . More recent studies, however, have shown the effect to persist with direction differences of up to 120-135 deg (Braddick, Wishart, & Curran, 2002; Dakin & Mareschal, 2000) . The effect is not restricted to superimposed dot patterns, but also occurs with transparent grating patterns (Kim & Wilson, 1996; Wilson & Kim, 1994) and spatially segregated motions (Hiris, 1995; Kim & Wilson, 1997; Wishart & Braddick, 1998) .
It has been suggested that direction repulsion is driven by inhibitory interactions between directionallytuned motion detectors or channels (Marshak & Sekuler, 1979; Mather & Moulden, 1980) . Indeed, this explanation has been so widely accepted that a number of models of direction repulsion now incorporate inhibitory interactions (Giese, 1999; Hiris & Blake, 1996; Wilson & Kim, 1994) . This viewpoint envisages direction repulsion occurring as a consequence of ÔerrorsÕ emanating from inhibitory interactions. A recent model developed by Dakin and Mareschal (2000) challenges this view by proposing that, rather than being the result of errors, direction repulsion results from the purposeful computing of superimposed motions relative to an inferred background motion. Specifically, their model suggests that background motion is computed using a weighted vector-sum estimate of the component motion; direction repulsion is then derived by subtracting the computed background motion vector from the target motion vector.
A number of factors other than direction difference influence repulsion magnitude; including dot density (Braddick et al., 2002; Dakin & Mareschal, 2000) , relative spatial frequencies of distractor and test motions (Kim & Wilson, 1996 , 1997 , stimulus contrast (Kim & Wilson, 1997) , and stimulus speed (Braddick et al., 2002; Dakin & Mareschal, 2000; Kim & Wilson, 1996 , 1997 Lindsey, 2001 ). In the case of stimulus speed, Kim and Wilson (1996) report that the perceived repulsion of a target motion increases monotonically as a function of increasing speed of the distractor motion. This result is in agreement with their model of transparent 1-D motions, which predicts a linear relationship between distractor speed and perceived repulsion of the target motion. It should be noted that Kim and Wilson only considered ratios of distractor-to-target speeds up to 1.67. Dakin and Mareschal report that direction repulsion reaches a plateau when distractor-to-target speed ratio is increased up to 2.8, thus suggesting a non-linear relationship between repulsion magnitude and distractor speed. Similarly, Lindsey (2001) also reports that the effects of distractor-to-target speed ratios may be nonlinear. Dakin and MareschalÕs model accounts for the plateau in direction repulsion magnitude at higher target-to-distractor speed ratios by implementing a ceiling on the influence of the distractor speed set for speed ratios greater than 1.0. They acknowledge that it is not possible, on the basis of their data, to determine whether this plateau represents a real constraint on the visual systemÕs computation of relative motion or is a consequence of reduced visibility of fast distractor sets.
The above studies on the effects of distractor speed on direction repulsion used relatively narrow distractor speed ranges (the highest distractor speed considered by these authors was 7.1 deg/s). Dakin and MareschalÕs model predicts that repulsion magnitude will remain unchanged for even greater distractor speeds. Two lines of evidence, however, suggest that repulsion magnitude will be attenuated in the presence of higher distractor speeds, resulting in the speed tuning of direction repulsion describing an inverted U-function. Firstly, Edwards, Badcock, and Smith (1998) report that global motion extraction of signal dots travelling at 1.2 deg/s is unaffected by additional-noise dots travelling at a speed of 10.8 deg/s, and that motion coherence thresholds for the signal dots are elevated only when noise dots travel at less than 4.8 deg/s. Edwards et al. conclude from their results that global motion extraction occurs within at least two independent speed-tuned systems; one broadly tuned channel sensitive to high speeds and the other, more narrowly tuned channel sensitive to low speeds. The existence of two independent speed-tuned channels would predict that, if direction repulsion interactions occur within each channel, then repulsion magnitude would be attenuated under conditions in which the distractor and target motions are processed by the slowspeed-and high-speed-tuned channels, respectively. The second line of evidence is based on the reported relationship between distractor contrast and direction repulsion magnitude. Kim and Wilson (1997) found that the magnitude of direction repulsion falls with decreasing distractor contrast. It is known that the effective contrast of a moving stimulus decreases with increasing speed (de Lange, 1958) . It would be predicted, on the basis of these two findings, that direction repulsion magnitude will be attenuated with increasing distractor speed.
Here we report results from an experiment that tests this prediction directly. In this experiment we used stimuli similar to those of Dakin and Mareschal. In contrast to their study, which considered distractor speeds up to 7.1 deg/s, we measured direction repulsion as a function of distractor speeds as high as 15 deg/s, while keeping target speed fixed at 2.5 deg/s. For stimuli containing slow-distractor speeds we would expect to find repulsion magnitude increasing as a function of distractor speed. As the distractor speed increases beyond the speed of the target set, one should witness an attenuation of direction repulsion. 
Apparatus
Stimuli were presented to subject WC on a Sony GDM-F500R monitor. Mean luminance was 72.6 cd/m 2 and viewing distance was 113 cm. Stimuli were presented to subject CB on a Sony CPD-G500 monitor. Mean luminance was 58.3 cd/m 2 and the viewing distance was 138.5 cm. Viewing distances were chosen to ensure that the stimuli subtended the same visual angle for each subject on the different experimental set-ups. Each monitor was driven by a Cambridge Research Systems VSG 2/5 graphics board at a frame rate of 80 Hz.
Stimuli
Stimuli consisted of 27-frame movie sequences, of 338 ms duration. The movie sequence depicted two superimposed, moving sets of isotropic Laplacian-of-Gaussians (LOGs):
Àðx 2 Ày 2 Þ=2r 2 with r ¼ 0:1 deg. Each micro-pattern had a peak spatial frequency of approximately 3.8 cycles/deg. At the start of a sequence the polarity of each LOG function was randomly assigned. The contrast of the patterns, expressed as proportional maximum deviation from mean luminance, was 0.3. To illustrate, with the positive po-larity (bright centre) LOGs, the maximum luminance would be I 0 þ CI 0 , where I 0 is mean luminance and C is contrast. The directions of the target and distractor sets differed by 60 deg. Stimuli were presented within a circular aperture (area ¼ 19.72 deg 2 ), and micro-pattern density was 8.8 elements per deg 2 (87 elements were assigned to each micro-pattern). The speed of the target set remained fixed at 2.5 deg/s, and the distractor set speed was systematically varied between 0.625 and 15.0 deg/s (distractor speeds were set to either 0.625, 1.25, 2.5, 5.0, 7.5, 10.0, 12.5, or 15.0 deg/s). The target set always moved in a direction closer to vertical (upwards or downwards) relative to the distractor set, which, in turn, moved in a direction either 60 deg clockwise or 60 deg counterclockwise relative to the target set (see Fig. 1 ).
Procedure
On each trial observers were presented with a movie sequence. Their task was to identify the motion moving in a direction closest to the vertical axis (the target set), and then judge whether the motion was running left or right of vertical. The target and distractor motion directions were chosen by an adaptive Method of Constants procedure (Adaptive Probit Estimation), a method that dynamically updates the set of stimuli being presented depending on the observerÕs previous responses (Treutwein, 1995; Watt & Andrews, 1981) . The stimulus values are selected to optimise the estimation of the Ôpoint of subjective equalityÕ (PSE), in our case the direction of the target set when it was perceived as moving in a vertical direction. Four blocks of trials were presented for each distractor-speed condition. Each block of trials consisted of 128 stimulus presentations; in half of the presentations the distractor moved 60 deg clockwise relative to the target, and in the other half the distractor moved 60 deg anti-clockwise relative to the target. Each block of trials generated two psychometric functions--one for each distractor direction (clockwise/ anti-clockwise) relative to the target. The observerÕs PSE was taken as the average of the PSEs generated by the two psychometric functions, thus controlling for any potential difference between objective and subjective measures of vertical. Each observer made 512 judgments per distractor speed condition, resulting in a total of 4096 judgments across the eight speed conditions.
Results
The results for two observers are shown in Fig. 2 , which plots direction repulsion magnitude as a function of distractor speed. The data clearly demonstrate an inverted U-shaped speed tuning function of direction repulsion, with repulsion magnitude peaking at a distractor speed of 5 deg/s for one observer (WC) and 7.5 The data show that the speed tuning of direction repulsion describes an inverted U-function. Error bars: SE of the mean across four experimental runs. Fig. 1 . A schematic representation of the stimuli design in experiment 1. Observers were presented with stimuli comprising two superimposed, moving sets of LOG elements, a target set (dark arrow) and a distractor set (grey arrow). The direction difference between the two motions was fixed at 60 deg. An adaptive method of constants was used to estimate the true direction of the target set when it was perceived to be moving either upwards or downwards (see text for details).
deg/s for the other observer (CB). Repulsion magnitude is thereafter attenuated as distractor speed increases.
In the introduction we suggested two lines of evidence which predict that the speed tuning of direction repulsion would describe an inverted U-function; the reduced apparent contrast of high-velocity patterns, and the proposed existence of two independent, speed tuned global-motion systems (Edwards et al., 1998) . In order to determine whether either, or both, of these factors can explain the fall off in repulsion magnitude at highdistractor speeds, we ran two further experiments. In experiment 2 we investigated the role of the distractor contrast by measuring repulsion magnitude induced by distractors differing in speed but with the same apparent contrast.
Experiment 2. A role for apparent contrast?
Here we consider whether the attenuation of repulsion magnitude at high-distractor speeds may be accounted for in terms of the apparent contrast of the fast distractor motion. Kim and Wilson (1997) have shown that reducing distractor contrast results in an attenuation of direction repulsion. de Lange (1958) has shown that temporal contrast sensitivity is reduced by a factor of 10, relative to peak sensitivity, at a temporal frequency of around 30 Hz. Note that the peak temporal frequency of the fastest distractor speed used in experiment 1 (15 deg/s) is 57 Hz. Perhaps the attenuation of direction repulsion found with higher distractor speeds is a consequence of a reduction in the distractor setÕs apparent contrast.
If it is the case that the reduced direction repulsion magnitude observed with high-speed distractors is driven by the reduced apparent contrast of the distractor, then this attenuation of repulsion magnitude should be nulled when effective distractor contrast is kept constant across a range of distractor speeds. In order to determine which physical contrasts would be assigned to each distractor speed, we first measured observersÕ contrast detection thresholds for a number of speeds: 2.5, 5, 7.5, and 15 deg/s. Using an adaptive Method of Limits procedure, PEST (Findlay, 1978; Taylor & Creelman, 1967) , observers were presented with stimuli in which the motion set moved in a direction ±60 deg from vertical. Their task was to judge whether the stimulus set was moving leftwards or rightwards of vertical. The four speed conditions were randomly interleaved, with each speed being presented 100 times in each block of trials. Each speed stimulus was presented a total of 400 times. As suggested by Findlay (1978) , thresholds measurements were derived by using probit analysis (Finney, 1971) to fit psychometric functions to the cumulative results of all presentations of each speed stimulus. Note that, for this experiment, the contrast of the monitors was turned to minimum, the luminance to maximum, and the monitors re-gamma corrected. The increase in minimum luminance decreases the contrast of patterns displayed and effectively increases the range of low contrasts available to the system. For observer WC mean luminance was 43.7 cd/m 2 , for observer CB mean luminance was 27.7 cd/m 2 . Having obtained observersÕ contrast detection thresholds for the four speed conditions (Table 1) , we then measured direction repulsion as a function of distractor speed and contrast. We employed the same methodology as in experiment one, with the target set moving at 2.5 deg/s and the distractor set being assigned a speed of either 5, 7.5, or 15 deg/s. Contrast of the target set was fixed at 6 times contrast detection threshold, and the contrast of the distractor set was set at 4, 6, and 8 times contrast detection threshold for each speed.
Results
Fig. 3 plots perceived direction repulsion as a function of distractor set contrast. The results show that repulsion magnitude increases with increasing distractor contrast, thus supporting the earlier finding of Kim and Wilson (1996) . Of more importance to the present study is the fact that repulsion magnitude is largely unaffected by speed when the distractor sets are presented at the same multiples of threshold contrast. This is particularly so for CBÕs data, which shows that repulsion magnitude is unaffected when distractor speed is increased from 5 to 15 deg/s. In the case of observer WC, repulsion magnitude is unaffected when the distractor speed is increased from 7.5 to 15 deg/s. These results contrast sharply with those of experiment one, in which increasing distractor speed from 5 to 15 deg/s resulted in repulsion magnitude being attenuated by approximately 50%. It seems that the attenuation of repulsion observed when high-speed distractors were used in experiment 1 is largely explained by the reduced apparent contrast of the distractor. Edwards et al.Õs (1998) global-motion model predicts that, if direction repulsion occurs within each globalmotion system, its speed tuning will describe an inverted U-function when the target and distractor motions are processed by a different global-motion system. Because a target speed of 2.5 deg/s was used in the previous two experiments, one of the global-motion systems (low-or high-speed) would have been sensitive to both the distractor and target speed for each target/distractor combination tested. 1 In the next experiment we measure the perceived repulsion of a target motion of speed 1.25 deg/s as a function of distractor speed (note that a 1.25 deg/s motion would be accessed by just the lowspeed system).
Experiment 3. Tuning curves at multiples of threshold contrast
In this experiment the contrast and mean luminances of the monitors were returned to their original values (see experiment 1) and the monitors we re-gamma corrected. To produce low-contrast patterns, we utilised the capacity of the VSG 2/5 graphics board to provide 15 bit output resolution per colour.
Using the same threshold measuring procedure as that used in experiment 2, we first obtained stimulus detection thresholds over the full range of speeds employed (0.625, 1.25, 2.5, 5.0, 7.5, 10.0, 12.5 and 15.0 deg/ s). For both subjects a log Gaussian provides an excellent fit to the threshold data (see Fig. 4a and b) . The high-and low-speed attenuation of the speed contrast sensitivity functions is reminiscent of temporal CSFs (Kelly, 1961) . We then measured the repulsion of a target of speed 1.25 deg/s over our full range of distractor speeds. Within each condition, the contrasts of both the target and the distractors were set to the same multiple of threshold contrast. Speed tuning functions at 8 and 16 times threshold are shown in Fig. 4c and d.
For subject CB there is some indication that the tail of the tuning function levels out as contrast is reduced. However, in contrast to the results from our second experiment, the general trend is that both subjects show a bandpass tuning function; for the higher distractor speeds repulsion magnitude weakens as distractor speed increases.
Discussion
Previous attempts at estimating the speed tuning of direction repulsion as a function of distractor speed considered relatively narrow ranges of distractor speeds (Dakin & Mareschal, 2000; Kim & Wilson, 1997; Lindsey, 2001) . The general finding is that direction repulsion increases with increasing distractor speed. We have found that, if one extends the range of distractor speeds, the speed tuning of direction repulsion describes an inverted U-function, and not a quasi-linear function as previously reported.
In our introduction we suggested that two lines of evidence predict that the speed tuning of direction repulsion will describe an inverted U-function. The first line of evidence is derived from Kim and WilsonÕs (1996) finding that increasing distractor contrast results in an increase in repulsion magnitude. This finding, in conjunction with the reduced apparent contrast of high-speed motions, suggests that the attenuation of repulsion found with faster distractor sets may be a consequence of a reduction in the effective contrast of the distractor.
Experiment 2 investigated the role of apparent distractor contrast in the attenuation of repulsion magnitude. The results from this experiment show that, when widely differing distractor speeds are presented at the same multiples of contrast threshold, the previously observed attenuation of repulsion magnitude in the presence of high-speed distractors is nulled. This suggests that the reduction of repulsion magnitude in the presence of a high-speed distractor can be largely explained in terms of reduced apparent contrast of the higher speed distractor sets. The second line of evidence that predicts an attenuation of repulsion with high-distractor speeds comes from Edwards et al.Õs (1998) speed processing model, which proposes global motion extraction occurring within at least two independent speed-tuned channels. Edwards et al. conclude that one speed-tuned channel is sensitive to slow speeds up to approximately 4.8 deg/s, and the other channel is sensitive to high speeds. Given recent evidence that direction repulsion occurs at the level of global motion processing (Benton & Curran, 2003) , Edwards et al.Õs model would predict that direction repulsion should be attenuated when the distractor and target motions are processed by separate globalmotion channels. Experiment 3 tested this prediction by measuring repulsion magnitude of a target moving at 1.25 deg/s, as a function of distractor speed. Our results show an increase in repulsion magnitude as a function of distractor speed for speeds up to 5-7.5 deg/s. Thereafter repulsion magnitude is attenuated. Thus as distractor speed enters the speed range processed by Edward et al.Õs proposed high-speed-tuned channel, its influence on the 1.25 deg/s target speed (which is purportedly processed by a low-speed-tuned channel) decreases rapidly.
An interesting aspect of experiment 3 is the replication of experiment 1Õs results despite the fact that the distractors used were given the same multiple of threshold contrast. Yet this same manipulation was effective in nulling repulsion attenuation for high-speed distractors in experiment 2. The failure of this contrast manipulation to influence repulsion magnitude of the slow target in experiment 3 is reminiscent of Edwards et al.Õs finding that motion coherence thresholds for lowspeed dots are unaffected by the contrast of high-speed noise dots. However it should be noted that, despite the attenuation of repulsion for high-speed distractors in experiment 3, direction repulsion is by no means eliminated for high-speed distractors. We still find robust direction repulsion of a 1.25 deg/s target by a 15 deg/s distractor. This residual repulsion cannot be explained in terms of Ôreference repulsionÕ (Rauber & Treue, 1998) , 2 because our methodology exploits the finding that reference repulsion does not affect the perception of cardinal directions (Rauber & Treue, 1999) . If our results are a reflection of the operation of channels such as those proposed by Edwards et al., then the slope of the tails of the bandpass tuning functions from experiment 3 must be based on an interaction between channels rather than activity within channels. In other words, the two speed channels proposed by Edwards et al. cannot be wholly independent.
The combined results of the above experiments suggest that the inverted U-shaped speed-tuned function reported here is a consequence of at least two factors; the reduced apparent contrast of high-speed distractors, and whether distractor and target motions are accessed by the same or different global-motion channels. When distractor and target motions are processed by different global-motion channels, attenuation of repulsion magnitude for high-distractor speeds is speed dependent. However, when both motions are processed within the same high-speed global motion system, the attenuation of repulsion magnitude is not speed dependent; rather, it is largely driven by apparent distractor contrast.
Our results have implications for quantitative models of direction repulsion that predict a linear relationship between repulsion magnitude and distractor speed. While we found this relationship applies with relatively slow target and distractor speeds, it does not generalise to progressively faster distractor speeds. Models proposed by Dakin and Mareschal (2000) , and Kim and Wilson (1996) accurately predict repulsion magnitude when both the distractor and target speeds are relatively slow. However, neither model predicts a decrease in repulsion magnitude for faster distractor speeds. A potential solution is to incorporate into their models the apparent contrast of high-speed motions and the two global-motion channels proposed by Edwards et al. 
